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We have assembled an atmospheric retrieval package for the reflected light spectra of gas- and ice- giants in order to inform the design and estimate the scientific return of future space-based coronagraph instruments. Such instruments will have a working 
bandpass of ~0.4-1 microns and a resolving power R~70, and will enable the characterization of tens of exoplanets in the Solar neighborhood. The targets will be chosen form known RV giants, with estimated effective temperatures of ~100-600 K and masses 
between 0.3 and 20 M_Jupiter. In this regime, both methane and clouds will have the largest effects on the observed spectra. Our retrieval code is the first to include cloud properties in the core set of parameters, along with methane abundance and surface 
gravity. We consider three possible cloud structure scenarios, with 0, 1 or 2 cloud layers, respectively. The best-fit parameters for a given model are determined using either a Monte Carlo Markov Chain ensemble sampler, or nested sampling. The most favored 
cloud structure is chosen by calculating the Bayes factors between different models. We present the performance of our retrieval technique applied to a set of representative model spectra, covering a SNR range form 5 to 20 and including possible noise 
correlations over a 25 or 100 nanometer scale. Further, we have  applied the technique to more realistic cases, namely simulated observations of Jupiter, Saturn, Uranus, and the gas-giant HD99492c, out of which only Jupiter is shown. In each case, we 
determine the confidence levels associated with the methane and cloud detections, as a function of SNR and noise properties.

We define the signal-to-noise as corresponding to the 
integrated count in a 10%-wide bandpass centered at 550 nm. 
Planet + zodi = Poisson distribution  
speckle + background noise = Gaussian distribution 
The noise correlations are Gaussian, with a length scale of 25 
or 100 nm.

SIMULATED DATA

RETRIEVAL

Parameters for the 2-cloud model: 
X(CH4) , g 
dP1, dP2, τ , ϖ , ğ    for the upper cloud 
P , ϖ     for the bottom cloud

We have implemented both the affine-invariant Monte Carlo 
Markov Chain ensemble sampler (emcee) and the nested 
sampling algorithm MultiNest to sample the posterior 
distributions for parameter estimation and model selection. 
The planetary albedo is calculated assuming a simple cloud 
model and taking the  methane abundance and the surface 
gravity as free parameters.  
The significance of cloud and methane detection is determined 
by comparing models containing  0, 1, or 2 clouds, or lacking 
methane opacity. 
Pressure-temperature profile = fixed  
Phase angle = 0 (face on)

REMARKS: 

•  The limitations of the models can be 
more important than the uncertainties 
in the data. 
•  Independent constraints on surface 
gravity and cloud properties will 
improve the measurement of methane 
abundance. 
•   The gravity can be independently 
determined via the mass-radius 
relationship for imaged RV planets, and 
this constraint will tighten the 
constraints on the other parameters. 
•  Water and alkali opacities will be 
important for other types of planets. 
•  A scaling factor is needed to take 
into account radius uncertainties.  

The top cloud is 
absent in the 1-cloud 
model.  
The remaining cloud 
is characterized by  
P , τ , ϖ , and ğ  

VALIDATION  AND TESTING

REAL-WORLD SCENARIO:  JUPITER
The methane detection is >6σ and the cloud 
detection is >3σ.  
There is no compelling evidence for a second 
cloud.     

Constrained: single scattering albedo of the 
lower cloud.       

Correlated: methane 
abundance, surface 
gravity,  pressure at the 
top of the bottom cloud. 
The methane abundance 
is consistent with known 
measurements.        

Planet without clouds: 

Both g and methane abundance are well constrained. The methane detection is >4σ. 
The cloud detection is not significant, and its optical depth is low. 

Planet with 1 cloud layer: 
The methane detection is >4σ,  
and its abundance is well constrained.

The cloud detection is >10σ. 

(g , P) and (ϖ , ğ  ) are degenerate.

Planet with 2 cloud layers: 
The methane detection is >4σ and the cloud detection is >10σ.          The methane abundance is well constrained, but slightly degenerate with P and g.             We obtain upper limits on τ and tight constraints on  ϖ for the lower cloud.  
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!̄Ray = 1. The total layer single scattering albedo then
becomes (!̄Ray⌧Ray + !̄cld⌧cld)/⌧total, for every layer in
the atmosphere. Further details of the radiative-transfer
modeling are described in Marley et al. (1999); Cahoy
et al. (2010).
For retrieval purposes, we have preserved the radiative

transfer and scattering prescription of the original albedo
code, but made large simplifications to the input param-
eters. The simplified model used in the present study
has constant molecular abundances throughout the at-
mosphere, with H2 and He in primordial solar ratio. The
pressure-temperature profile T (P ) of the atmosphere is
kept fixed since we do not expect that our spectral range
of interest (0.4 � 1 µm) will contain any information
for constraining it (see also Barstow et al. (2014)). The
wavelength dependence of the cloud parameters is also
ignored (gray assumption for ⌧cld, ḡcld, and !̄cld). The
depth dependence is limited to parametrizing the cloud
height and cloud top pressure, as described below.
In actuality of course the temperature-pressure profile

will vary with surface gravity and this will primarily af-
fect the atmospheric scale height. Here our variation of
atmospheric gravity, g, stands in for variations in both
T (P ) and g. As we add complexity to the model we will
explore the sensitivity of retrievals to a varying T (P ).

3.1. Cloud Models

For the purposes of atmospheric retrieval we consider
two di↵erent cloud treatments as illustrated in Figure 4.
The simpler of the two models a single cloud layer while
the more complex allows for two distinct clouds/hazes.
We describe each model in turn below.

3.1.1. 1-Cloud Model

The one-cloud model is parameterized as a semi-
infinite layer with a cloud top at pressure P in the atmo-
sphere and characterized by the single scattering albedo
!̄, scattering asymmetry factor ḡ, and the gray optical
depth ⌧ of the layer where the top cloud is found. For
simplicity of notation, we have dropped the subscript
‘cld’ from the quantities !̄cld, ḡcld, ⌧cld, as defined in the
previous section. This structure is shown in panel A of
Figure 4.
The pressure of the cloud top is allowed to vary

freely. Our typical input pressure-temperature profile
has N = 60 vertical atmospheric layers. We find the
model layer in which the cloud top pressure is located,
jc (1  jc  N), and scale the cloud optical depth in
this layer by the position of the cloud top pressure rela-
tive to the pressure at the bottom of the layer. The next
deeper layer (j = jc + 1) will have cloud optical depth
⌧j = ⌧jc ⇥ (Pj+1/Pj), where the layer number j increases
with depth in the atmosphere from 0 to N and Pj de-
notes the pressure at the top of layer j. The cloud optical
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Figure 4. Visual representation of our 1-cloud (panel A)
and 2-cloud (panel B) models. The definitions of model
parameters and their use in the albedo code are given in
Sections 3.1.1 and 3.1.2, respectively.

depths in the following layers all the way to the bottom
are calculated iteratively as ⌧j+1 = ⌧j ⇥ (Pj+2/Pj+1).
Thus in this model ⌧ is essentially a measure of how
opaque the cloud top is, and the optical depth per unit
mass is constant over the entire vertical extent of the
cloud. Large values of ⌧ imply a rapid transition from
cloudless atmosphere to cloud, whereas small values im-
ply a more gradual increase of cloud opacity.
The cloud single scattering albedo !̄ and scattering

asymmetry factor ḡ are kept constant as a function of
wavelength and depth in the atmosphere, below the layer
containing the top of the cloud, e.g. !̄j = ... = !̄N = !̄

for j � jc. This model will be referred in what follows as
the “1-cloud model”, and is characterized by 6 param-
eters: fCH4, g, P , !̄, ḡ, and ⌧ , where g is the planet’s
surface gravity, to be distinguished from ḡ, and fCH4 is
the methane abundance.

3.1.2. 2-Cloud Model

Increasing complexity, we created a model appropriate
for a cloud deck overlain by a haze layer with a very sim-
ple 2 layer structure shown in panel B of Figure 4. Such a
model is roughly capable of reproducing the structure ob-
served in Solar System planets, and is a slight modifica-
tion of the model used in the classic analysis of Jupiter’s
atmosphere by Sato & Hansen (1979).
The parameters describing the lower cloud are its top

pressure P and single scattering albedo (!̄2). Following
the same approach as in Section 3.1.1, the pressure of the
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Figure 23. 2-D marginal posterior distributions for Jupiter (SNR=20, CL=25 nm), using a 2-cloud model (left) and
a 1-cloud model (right). The two posterior sampling methods lock onto di↵erent modes, one with low optical depth
(MCMC, red colormap), and the other with high optical depth (nested sampling, gray contours). The best-fit solution
for each method is shown in Figure 24. The blue lines on the left plot show the 1-cloud parameter values that best
match the “theoretical model” on the right panel in Figure 25 (e.g. known values for g and fCH4).

Figure 24. Best-fit spectra for Jupiter (SNR=20,
CL=25 nm), retrieved using the 2-cloud and 1-cloud
models. The legend indicates that the low optical depth
fit is favored by the MCMC method, while the high op-
tical depth fit is favored by nested sampling (see also
Figure 23). The vertical green line indicates that the re-
trieval is performed only on data between 0.6 and 1 µm.

tical structure for Jupiter in Figure 25. The cloud and
haze layers shown in the right panel of Figure 25 approxi-
mately match the positions described elsewhere in the lit-
erature (e.g., Simon-Miller et al. 2001; Sato et al. 2013).
The hazes are likely to have a wavelength-dependent con-
tinuum opacity, unlike our simple cloud model, and our
notation was chosen to emphasize that the upper haze
layer is likely absorbing and the lower haze/cloud layer

Figure 25. Cloud structure for Jupiter, as retrieved using
the 2-cloud model (left), and the 1-cloud model (right).
The conventions are described in the Figure 16 cap-
tion. The theoretical structure is shown in the right
panel, with the cloud structure closely resembling avail-
able literature (e.g., Simon-Miller et al. 2001; Sato et al.
2013). The pressure-temperature profile is approximated
as purely radiative in the top layes of the atmosphere
(dashed red line).

is likely bright (reflective) at the wavelengths relevant in
our study. We note that the upper cloud roughly matches
the position of a hydrocarbon haze in the upper layers of
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is likely bright (reflective) at the wavelengths relevant in
our study. We note that the upper cloud roughly matches
the position of a hydrocarbon haze in the upper layers of

Degenerate: low- and high-optical 
depth solutions. 

MultiNest  and MCMC may lock onto 
different, degenerate modes.


